INTRODUCTION
The herbivore-to-predator transfer of energy in arthropod food chains constitutes an important aspect of functional studies of energetics in various types of ecosystems. Although considerable data have now been published on energy flow from producer to primary consumer trophic levels, both for aquatic and terrestrial ecosystems, less comprehensive information is available on transfer from primary consumers to predators. This is especially true for forest ecosystems.
Spiders are among the most important entomophagous predators in nature, but few attempts have been made to quantify the ecological significance of spider predation in natural ecosystems. Quantitative examinations of soil and litter fauna reveal a surprisingly dense population of spiders in most terrestrial habitats. Macfadyen (1957: 131) , compiling data from several sources, gave a population density of 175-650 spiders/M2 with a biomass of 640 mg as an estimate for nonagricultural soils. Most research on spider ecology has been descriptive, and there is a paucity of information on the bioenergetics of spider populations, especially in woodland ecosystems.
Bornebusch's 1930 treatise, a pioneer quantitative analysis of a detritus-based forest invertebrate community, demonstrated the relative importance of various components of the soil and litter fauna by the application of metabolic indices. Van der Drift (1951) refined these estimates with more precise sampling techniques in an extensive study of a beech forest-floor community.
There have been few overall investigations on the impact of predators on arthropod populations, such as the effect of artificial predation on laboratory cultures of Daphnia (Slobodkin 1959) , predator-prey relations of laboratory populations of mites (Huffaker 1958) , and food consumption by predaceous insects in herbaceous plant-insect food chains (Crossley 1963a) . Energy budgets for terrestrial predators are available for some species in two old-field communities (Golley 1960 , Engelmann 1961 , for a salt marsh ecosystem (Teal 1962) , and for a grassland meadow (Van Hook 1971) .
In the present study the energy balance of spider populations was evaluated as a means of estimating the impact of predation on populations of detritusfeeding forest cryptozoans during different times of the year. The energy demands of spiders and other predators upon the saprovore trophic level are compared. Studies employing radionuclides in the field were used to delineate energy pathways and estimate metabolic parameters, and used in conjunction with more conventional methods (respirometry and bomb calorimetry), to evaluate energy requirements of spider populations. This information will contribute to future investigations elucidating major cryptozoan food chains and the effects of predation upon productivity of decomposer invertebrates in forest ecosystems. Movement of the 137Cs in this forest has been followed by teams of investigators at the Oak Ridge National Laboratory since May 1962. Olson (1965) used mathematical models for describing the transfer of the radionuclide from tree boles to foliage and roots and thence to the forest floor. Witkamp and Frank (1964) traced the first-year movement of 137Cs through the litter and soil strata. Dispersion through cryptozoan food chains was described by Reichle and Crossley (1965) and through canopy insect communities by Reichle and Crossley (1967) .
METHODS AND MATERIALS

Study area
The cesium-tagged forest was utilized to obtain information on radioisotope concentrations in litter and cryptozoan populations. An adjacent noncontaminated sinkhole area, similar in floristic composition to the tagged forest, was set aside for destructive quantitative sampling of biota. Weekly collections of invertebrates were taken from 40 pitfall traps (two per 25-M2 quadrat) within the tagged area (Reichle and Crossley 1965 ) to obtain estimates of body burdens in cryptozoan populations. These data were used in deriving estimates of consumption rates by spiders. The traps were opened each week only for a period of one to several days to prevent Laboratory experiments Radioisotope techniques.-Cesium-137, the radioisotope tag used in the Liriodendron forest, offers several advantages for ecosystem research. Its long physical half-life (30 yr) is a necessary prerequisite for long-term investigations. As a biologically mobile radioisotope 137Cs is useful as a tracer to identify pathways and quantify energy flow between the various community trophic levels. In laboratory studies 134Cs was utilized because its shorter physical half-life (2.07 yr) minimized contamination hazards. Since both isotopes behave alike biologically, extrapolations of laboratory data based upon 134Cs could be made to the forest-floor populations tagged with 137Cs
A Packard gamma spectrometer system using a well-type Tl-activated ,NaI crystal was used for counting 137Cs radioactivity of animals greater than 1 mg dry weight. Smaller individuals or groups of individuals less than 1 mg dry weight were assayed for the beta emission of 137Cs in a Beckman widebeta gas-flow detector with a low average background (1.5-2.0 cpm). Changes in counting efficiency were corrected by relating sample counts to a standard; standard and sample activities were corrected for radioactive decay and tested (Jarrett 1960 ) for significance (P < 0.05) above background.
Radiocesium retention.-Spiders captured in the field were kept in controlled temperature cabinets for 1 or 2 days to become acclimatized to laboratory conditions before initiating retention experiments.
Spiders received an internal dose of 134Cs in drinking water or by eating tagged crickets, Acheta domesticus (L.). Spiders accumulated no detectable amounts of isotope on their bodies by contacting contaminated food. Turnover of isotope was determined by sequentially measuring whole-body radioactivity remaining in tagged spiders transferred to constant temperature cultures and fed uncontaminated food. Natural log of percentage of initial body activity remaining was regressed on time to obtain loss-rate coefficients (slopes) in units of reciprocal time (time-1).
Respirometry.-Respiratory rates of lycosid, gnaphosid, and thomisid spiders were measured at 150, 200, and 25?C with a Warburg respirometer. Manometers were read at 1 5-min intervals over a period of 1-3 hr. Differences in respiratory rates throughout a diurnal cycle were measured in a continuous recording electrolytic respirometer (Phillipson 1962) . Modification of the techniques included a constant current circuit with a potentiometer causing an on-off response with a current adjustable from 3 to 5 mamp. A correction in the published value for the electrochemical equivalent of oxygen from 208.6 (Winteringham 1959) to 209.05 ml 02/mamp per hour is necessary. Spiders were kept in the respirometers for 48 hr. Only the record of 02 consumption for the second 24 hr was used since 0-to 24-hr respiration often proved erratic.
Oxygen-bomb calorimetry.-Calorific values for spiders, spider feces, potential prey organisms, and prey remains were obtained in a Phillipson nonadiabatic microbomb calorimeter (J. P. Gentry Instruments, Aiken, S. C.). The bomb was calibrated for samples from 1 to 20 mg dry weight. The bomb was calibrated against benzoic acid, and replicated benzoic acid standards gave a coefficient of variation less than 2%. A more detailed description of the bomb and its operation is given by Phillipson (1966) .
Food consumption.-It was necessary to know which prey serve as food for spiders to assess accurately the impact of the predatory activities of spiders on the cryptozoan community. The spiders sorted from litter were allowed to adjust to laboratory conditions overnight prior to initiation of feeding trials. Potential prey were offered to spiders and note was made of those animals eaten or rejected after 24 hr. In supplemental experiments each spider species was given a measured number (usually 10) of one species of potential prey. The time for capture of each animal and the total number captured and eaten were noted.
Spiders feed by dissolving prey tissues with digestive enzymes introduced into wounds made by the fangs. 
Since spiders discard a portion of their prey in feeding, it is necessary to determine the percentage of prey whole-body activity ingested relative to the percentage weight ingested in order to estimate the impact of spiders on prey populations (total prey kill) using intake-loss balances of radioisotope. Lycosid, gnaphosid, and thomisid spiders were fed weighed crickets tagged with 1 3,000 pCi 134Cs. Each spider was presented a cricket of known activity and weight. Spiders which captured their prey within 1.5 hr were observed until the remains were discarded. Percentage isotope ingested was calculated by the expression Percentage isotope ingested = radioactivity of spider > 100.
(2) radioactivity of prey Gravimetric estimation of percentage prey consumed was calculated as in the previous study.
An additional study was conducted to ascertain the fraction of food (dry weight) assimilated. Ten large lycosids (Lycosa rabida Walckenaer) were weighed and offered a weighed cricket on the first day of the experiment and on subsequent days, provided the spider had eaten the cricket previously offered. Discarded remains of each cricket were collected, dried for 24 hr at 105?C, and weighed. At the end of 10 days each spider was again weighed, and the total dry weight of feces produced was determined. Feces were scraped into a vial and retained for bomb calorimetry. 
of varying sizes between 0.04 and 3.0 g were used to obtain equations to convert live weights to dry weights. Average daily values for dry weight ingestion, assimilation, production, and excretion were calculated with these regression equations.
RESULTS AND DISCUSSION
Consumption and assimilation
Prey preference.-In energetics studies it is important to (1) quantify the energy available to consumers through time and (2) estimate the impact of the consumer population on the community. Prey-preference trials (Moulder, Reichle, and Auerbach 1970) revealed spider-predation patterns based not only on prey size (Fitch 1963 ) but also on mobility and palatability of prey. Carabid and chrysomelid beetles, phalangids, and large millipedes were rejected by all spider families. Specimens of Acanthocephala femorata (Fab.) (Coreidae), Drosophila sp. (Drosophilidae), Tomocerus sp. (Entomobryidae), and early instar millipedes were accepted in all cases. Ants (Formicidae) and lithobiid centipedes were eaten by some spiders but not by others. Small lithobiids and entomobryids were highly favored as prey. Spiders were unable to overcome and capture large lithobiids. Stratiomyid larvae and cantharid larvae, both sedentary forms, were avoided because gnaphosids (and other vagrant spiders) pursue and capture only actively moving prey. Isopods were protected by their armor-like integuments. Formicids, enchytraeids, and podurid collembolans were not attacked because of production of slimy or otherwise distasteful secretions.
Several factors were evaluated as the basis for interpreting predator-prey relationships within the cryptozoan community during the year. (1) Prey size. Spiders discriminate palatable prey on the basis of size. Lycosid (wandering) spiders feed on prey as small or smaller than themselves (Fitch 1963) , the upper size limit being determined by the capability of the spider to overcome and kill prey. The diet consisted of prey not greatly smaller than the spider, the lower limit being prey not smaller than 0.01 the spider's weight. The fact that large numbers of smaller spiders and other predators occur in the cryptozoan community (see Table 10 ) is evidence that these small spiders were not in competition with larger predators for food. (2) Mobility of prey. Spiders were attracted only to moving prey and thus ignored such sedentary forms as pupae and many types of fly and beetle larvae. (3) Nature of the integument. Many arthropods escape consumption because their exoskeleton cannot be penetrated by the spider's chilicerae. Most beetles, millipedes, and isopods are thus rejected as food by all spiders except the uncommon larger lycosids, pisaurids, and agelenids, which have powerful chili-cerae. (4) Palatability of prey. Some invertebrates produce mucous or repulsive secretions which make them unacceptable to spiders. Slugs and earthworms, which produce copious quantities of slime, do not form the diet of spiders. Millipedes and some species of ants, hemipterans, and beetles may be avoided because of various repugnatorial secretions (Barnes 1963) .
In deducing probable prey species for purposes of determining energy sources for forest-floor spiders, the following criteria were used (Moulder et al. 1970 ): the potential prey organisms (1) were delineated within a size range equal to but not less than 1% of the spider's weight; (2) were active, as opposed to sedentary, forms; (3) possessed a relatively thin integument; and (4) were palatable to the spider in the sense of not producing mucous or distasteful or irritating secretions. Availability of prey species in the forest habitats was weighted proportional to natural prey abundance, a factor which changed seasonally and was adjusted for density measurements of the cryptozoan prey (Moulder et al. 1970 Radiocesium turnover Elimination rates of 134Cs by forest-floor spiders were quantified to relate radiocesium turnover to spider metabolic activity and utilize this parameter in estimating food consumption through radionuclide income-loss equations (Eq. 7-11). Lycosid, gnaphosid, and thomisid spiders were given doses of 134Cs in tagged crickets and subsequently placed on isotope-free diet for measurement of '34Cs elimination rate coefficients (= slope of regression line in day-1). The rate of radiocesium elimination reflects digested food from the gut. A secondary, slower turnover rate (X2) represents excretion of the assimilated fraction of 134Cs from food (Reichle 1967 (Reichle , 1969 
Radiocesium turnover was more rapid at higher temperatures, with a slope not significantly different from Q10 = 2 (b = 0.30). where I is unit radioactivity/unit weight per day, X2 is the elimination coefficient (day-'), Q, is the equilibrium body burden, and p is the proportion of isotope assimilated. Weight of food ingested per unit body weight per day equals I/concentration of isotope in food, when an animal feeds on a food source of known isotope concentration. In spiders, which discard a portion of their prey, isotope concentration in whole prey is not equal to the concentration in that portion ingested ( metabolism can cause erroneous estimation of oxygen consumption based on short-term measurements. Twenty-four-hour oxygen-consumption measurements with electrolytic respirometers included the natural metabolic circadian rhythms of spiders, i.e., cyclic periods of activity and inactivity. Therefore, these average hourly oxygen-consumption estimates represented total metabolism (activity plus maintainance) over the entire 24-hr cycle. Metabolism was minimal during 1200 to 1600 hr (resting or maintenance metabolism) and was equivalent to only 55% of the value for peak respiration (total metabolism). Warburg respiration values (Eq. 12-17) were not significantly different (P ~ 0.05) from mean hourly values for the entire 24-hr period (i.e., total metabolism) as measured by the continuous recording respirometers. Since Warburg estimates were more extensive (i.e., included more specimens with a wider range) and less variable, they were used for estimating metabolism in the field (activity plus maintenance).
Caloric content of arthropods
Mean energy contents of spiders and potential prey cryptozoans are listed in Table 5 . Ash-free determinations also are given, since these values best reflect differences in energy content of tissues of animals belonging to different taxa (Golley 1961) . All values are in the range of 5.6-6.3 cal/mg ashfree dry wt, agreeing closely with values for arthropods summarized by Edwards, Reichle, and Crossley (1970), who reported that the caloric values of forest-floor insect and other arthropod species ranged from 5.5 to 6.25 cal/mg dry wt), with a mean of 5.8 cal/mg ash-free dry wt. Whole-body energy measurements for arthropods in the present study averaged 5.6 cal/mg dry wt (5.9 cal/ash-free mg).
Cesium-137 concentrations in the forest cryptozoan fauna
Cesium-137 concentrations in spiders and prey were prerequisite for mass-balance calculations of 137Cs input and food consumption. During the collecting period (August 1966 through July 1967) 4,661 individual arthropods (mean dry weight 6.00 + 0.01 mg and mean 137Cs concentration 1.61 ? 0.004 pCi/mg) were collected from 40 pitfall traps within the 137Cs-tagged forest site. Monthly mean 137Cs concentrations and weights are presented in Table 6 .
A major peak in 137Cs concentration occurred in late fall (November) and a smaller peak in early spring (March and April); concentrations again increased throughout the summer. The large autumnal peak is a result of the sudden input of radioactive litter from the canopy serving as a food base to saprovores, whose increased body burdens caused a subsequent rise in the body burdens of carnivorous species. The onset of cold weather in December resulted in decreased feeding and a reduction in 137Cs concentrations. The feeding rate and mean 137Cs body burdens increased with warmer spring temperatures. The spring peak was markedly smaller than the autumn peak because of leaching of radioisotope from litter by rains throughout the vz-ater (Witherspoon 1964) .
Dominant faunal groupv.-Based upon both density and biomass criteria (discussed in a subsequent section), most of the cryptozoan species belonged to the following 10 major taxa: Araneae, Chilopoda, Coleoptera, Collembola, Diplopoda, Diptera, Hymenoptera, Lepidoptera (immatures), Orthoptera, and Pulmonata (Table 6 ). Since mobility, as well as population density, affects pitfall-trap success, abundance of various species cannot be inferred accurately from these data. These 10 taxa represented 92% of the total number of animals captured in the pitfall traps. Nevertheless, these data serve as an excellent basis for following seasonal and trophic level trends of 137Cs in the invertebrate community. Cesium-i 37 concentrations in the major groups reflect their trophic positions. Fungivores (e.g., collembolans) and predators feeding on fungivores are identifiable by their high 137Cs concentrations. Those forms feeding on dead organic materials (e.g., leaf litter and decaying wood) and their predators exhibit relatively lower equilibrium body burdens (Reichle and Crossley 1965) . Monthly mean values (Table 6) showed fall and summer peaks in 137Cs concentration for all major groups studied. These peaks did not coincide for different groups. In general, herbivorous or saprophagous species showed earlier peaks of 137Cs concentration than groups with mainly carnivorous species. Fungivorous groups (e.g., Collembola) also showed later peaks of activity (McBrayer and Reichle 1970). Peaks of radioactivity, as previously discussed for total cryptozoan fauna, related to (1) input of radioactive-litter in the fall and (2) increased feeding rates accompanying higher temperature in early spring. Although seasonal trends were evident for all major taxa, significant differences (P -0.05) in 137Cs concentration among months were not found, except for Collembola, probably because of small monthly sample sizes. Differences in mean monthly weights were statistically significant in four of the groups (Table 6) 
where X is ovendry body weight. The size effect is interpreted as a difference in 137Cs concentrations in the various prey of different-sized spiders. Prey in the size range taken by small spiders, especially fungivores such as Collembola, had high body burdens of 137Cs. Medium-sized spiders able to capture larger prey had less small fungivores in their diet and, consequently, lower 137Cs body burdens. Large spiders, which subsisted mainly on larger saprovores with lower levels of radioactivity, exhibited the lowest average 137Cs concentrations. To estimate more accurately spider feeding rates from 137Cs equilibrium body burdens in prey, three spider size classes were established based on the inverse logarithmic relationship between 137Cs concentration and body weight (Eq. 18): small (< 1 mg dry weight); medium (1-10 mg dry weight); and large (> 10 mg dry weight). Smaller species (e.g., Lathys maculina, Hahnia cinerea) remain in the small size category throughout the year; larger species may belong to different size classes at different times of the year, depending on instar size during successive stadia. Monthly data were used to assign species to proper size categories throughout the year (Moulder et al. 1970, Appendix B) . Mean concentrations and dry weights were computed for each size class (Table 7) . Differences in mean annual 137Cs concentrations among small, medium, and large spiders were highly significant (P < 0.001).
Spiders marily by large spiders switching to a more highly radioactive food base, e.g., foliage-feeding lepidopteran larvae dropping to the forest floor. Spider-prey taxa-Spiders feed on a variety of arthropod species, including other spiders. Consequently, to evaluate the impact of spider predation on the forest-floor arthropod community, the fauna was analyzed in two categories: (1) prey excluding spiders (potential prey) and (2) all invertebrate species pooled (total cryptozoa) which included spiders.
Seasonal fluctuations in radioisotope body burdens of prey species feeding continuously on the tagged (Fig. 3) . The phenomenon is probably somewhat obscured because many of the spiders' prey are themselves predators.
Prey selectivity by wandering spiders does not vary significantly among spider species, except in regard to size of prey. Smaller spiders confine their feeding activities to smaller prey organisms, and larger spiders feed mainly on larger prey. To integrate predator-prey interactions more precisely, corresponding size categories (< 1 mg, 1-10 mg, and > 10 mg dry wt) were established for both spiders and prey. The field data were analyzed with the constraint that large (> 10 mg) spiders fed on large and medium-sized prey, medium (1-10 mg) spiders restricted their predations to medium and small prey, and small (< 1 mg) spiders fed exclusively on small prey (Fitch 1963 , Turnbull 1966 ). Analysis of their populations by size class has been previously discussed. Annual and monthly mean dry weights and 137Cs concentrations for small, medium, and large prey organisms are reported in Table 8 Diplopoda, Diptera, Hymenoptera, Lepidoptera (larvae), Orthoptera, and Pulmonata. Araneae (spiders) will be discussed in a following section. Table 9 Annual and monthly population densities and biomass for the nine major groups are presented in Table 10 . Collembolans were most numerous (345.5 individuals/ M2, representing 26.5% of the total cryptozoan population). Diplopoda contributed the greatest biomass (249.6 mg dry wt/m2, or 29.6% of the total cryptozoan biomass). Most taxa encompass numerous species occupying a variety of ecological niches, making meaningful analysis of seasonal fluctuations for entire groups difficult. Increases in biomass or numbers may be due to accelerated growth or reproduction by members of only a few species within the group. Decline in these parameters may be attributed to mortality in absence of reproduction, to hibernation, or to vertical migration of some species during certain seasons. Without detailed species analysis of groups, only general inferences may be drawn from the data.
Lepidopteran larvae exhibited relatively low population densities and biomass from October through May. Predatory mortality probably accounted for part of the sharp decline in numbers from September (133 individuals/M2) to October (24 individuals/ M2), but many individuals undoubtedly pupated beneath the soil surface during this time and were missed in the census. Rapid increase in numbers from May through July, without significant increase in biomass, may be attributed to reproduction by newly emerged adults. Seasonal abundance of Hymenoptera (mostly Formicidae) was largely dependent upon their relative activity. Most ants remained below ground in nests during cold weather, but a few foraged even in winter, especially on warm days. The rapid increase in numbers in late spring and summer was due to (1) increased foraging by old adults and (2) metamorphosis of many pupae to new adults during this period.
Numbers remained high throughout the winter for several groups. The ameliorating effect of the (Table 11) Seven major spider families comprised nearly 92% of the total spider populations and over 95% of the total biomass (Table 12 ). The Dictyn~idae were the most numerous, with a mean density of over 70 individuals/mr2. Nearly all of these were a single species, Lathys maculina Gertsch. Gnaphosidae contributed the greatest biomass, with an average of 13.3 mg dry wt/m2. Mean monthly population densities and biomass give some indication of reproductive cycles in each family. Agelenidae family matured in the fall, and adults died in early winter after eggs were laid; young emerged in early winter and spring. Salticidae density and biomass showed similar patterns, although, they moved upward into the field and shrub layers in the spring and migrated downward in the fall prior to onset of colder weather. Gnaphosidae demonstrated intense reproduction in early fall and in the spring. Most Lycosidae were not sufficiently abundant to allow accurate population analyses. Two peaks of abundance were seen for Thomisidae, a minor peak (9 individuals/i2 in July) in middle to late summer and a larger maximum (17.9 ndividuals/m2) in December. The two most common thomisid species (Xysticus fraternus Banks and X. elegans Keyserling) were reported by Kaston (1948) to be mature from May through September and to lay eggs in June and August. Dictynids were most abundant in fall (96.7 individuals/rn2 in October) and winter (116 individuals/in2 in January) and declined throughout the spring and early sumnaer. Maximum biomass occurred in January (7.9 mg/M2), coinciding with maximum population density. Adults were found throughout the year, and reproduction probably occurred continually. Both population density and biomass of Clubionidae increased steadily from late summer to early spring, but fluctuated from April through July because of severe mortality in maturing juveniles of the most abundant species Phrurotimpus alarius (Hertz).
Spider populations: species composition and size classes.-Spider populations were dominated by five species: Drassyllus virginianus Chamberlin (Gnaphosidae), Lathys maculina Gertsch (Dictynidae), Phrurotimpus alarius (Hentz) (Clubionidae), Rachodrassus echinus Chamberlin (Gnaphosidae), and Schizocosa crassipes (Walckanaer) (Lycosidae). These species comprised approximately 77% of the total number of spiders and 46% of spider biomass (Table 13 ). The majority of species were uncommon, conforming to the pattern noted for most ecosystems (Huhta 1965 , Turnbull 1966 . Immature individuals represented 62% of both mean population density and biomass for the five major species. Of the five dominant species, the greatest number (55%) belonged to a single species, Lathys maculina, so numerous (69.2 individuals/m2) as to dominate the seasonal fluctuations of all spiders. Drassyllus virginianus contributed the largest (16%) biomass (6.7 mg dry wt/m2) and was the third most abundant species (6.6 individuals/M2).
Population density and biomass of spiders also were analyzed by size classes: small (< 1 mg dry wt), medium (1-J0 mg), and large (> 10 mg). Small spiders were over 10 times as numerous as medium-sized spiders, which were in turn about 50 times as numerous as large spiders (Fig. 6) , a ratio of 500:50: 1, respectively. Medium-sized spiders comprised most of the biomass or about 2.5 times that for small spiders (Fig. 7) . Large spiders constituted a larger proportion of total biomass (-17%) than they did of absolute numbers of individuals. Density of small spiders paralleled that of the total spider population. Medium-sized spiders were most abundant in early winter and early spring; large spiders were infrequent throughout the year.
Spider prey species.-Annual mean biomass for all potential prey species (Moulder et al. 1970 ) was 115.5 mg dry wt/m2; population density averaged 581.3 individuals/M2. Peaks of prey abundance occurred in late fall (November) and in summer (July), and minima occurred in October and April. The summer maximum (r-1,400 individuals/m2) was much more pronounced than the autumnal peak (-800 individuals/M2). Two peaks of almost equal magnitude, one in autumn and the other in spring, occurred for biomass (Fig. 4) . Biomass was greatest in October (-140 mg/in2) when population density was lowest (-300 individuals/M2). A second, slightly lower, peak for biomass occurred in May during a time of numerical increase. Estimates of population parameters for spider prey species also were analyzed on -the basis of size class: small (K 1 mg dry wt/individual), medium (1-10 mg), and large (> 10 mg). Annual and monthly mean population densities and biomass for the three size classes appear in Table 14 The numerical dominance of small prey resulted in a parallel of monthly fluctuations of small prey and total prey population densities. Medium and large-sized prey individuals showed only minor annual variations in population density. A fall and spring peak for biomass occurred for all three size classes. Large prey were the smallest class numerically, but comprised the greatest biomass during 8 months of the year. Biomass for small prey exceeded or equaled that for medium-sized prey during 10 months of the year.
Predators other than spiders.-The two major arthropod predator groups other than spiders in the litter stratum of the Liriodendron forest, the Chilopoda and predaceous Coleoptera, had a combined mean annual population density of 93.5 individuals/ assuming an R.Q. = 0.8 (kiter 02 0.0048 cal). Analysis of these parameters (Fig. 8) 
is patterned after O'Neill (1968).
Interpretation of these results reveals that spiders operated at positive energy balance only within a fairly narrow temperature range (Fig. 8) . Below 50 C spiders became sluggish and ceased feeding. Mean monthly temperatures measured at the airlitter interface in the Liriodendron forest average 13.30C for the year, which is within the optimal temperature range (10-15 0C) for spiders in all three size classes. Spiders could remain active for substantial periods during all months except February (X = 2.40C), June (X =22.30C), and August (X = 21 0C). Temperature extremes occasionally were encountered which would force spiders into temporary periods of inactivity. Spiders were not entirely inactive during such periods, but probably foraged during the warmer daylight hours in midwinter and during the cooler nighttime hours throughout the summer. Hunting and feeding during the hot summer were possible at night when temperatures moderated, explaining an adaptive value of nocturnal habits of these species.
Daily energy intake and metabolic expenditure by spiders
Mean seasonal 137Cs concentrations in spider (Table 7) and prey (Table 8 ) size classes were utilized in Eq. 11 to calculate intake. Mean seasonal temperatures (Moulder et al. 1970 ) were used in calculating average X2 radioisotope elimination coefficients (Eq. 6). Feeding experiments yielded information on prey-consumption efficiency (Table 2) , allowing estimation of amount of prey tissue killed relative to amount ingested by spiders. Table 16 presents mean daily prey kill, ingestion, assimilation, and respiratory energy loss for each of the four seasons (with annual means) for different size classes of the spider population. Seasonal values are used in subsequent population analyses of energy flow.
Mean daily ingestion by small spiders was maximum in summer (2.5% body wt ingested/day) and lowest in winter (1.4% body wt ingested/day). Food energy assimilated exceeded respired energy losses in fall (+ 0.044 cal/mg dry wt per day) and winter (+ 0.017 cal/mg dry wt per day). Assimilated energy approximately equaled respiratory losses in the spring. More energy was respired than was assimilated in summer, resulting in a net energy deficit of 0.027 cal/mg dry wt per day. Growth or storage, or both, could thus occur in fall and winter but not in spring or summer. These data substantiate the predicted ingestion, assimilation, and respiration curves in Fig. 8 , except that a positive net energy balance would be expected during the spring (mean temperature = 17.6 0C). Ingestion rates varied from 3.1% body wt/day in spring to 1.1% body wt/day in winter for medium-sized spiders. Calories assimilated exceeded calories respired during all four seasons. Large spiders (predominantly adults) showed ingestion maxima in summer (4.1% body wt ingested/day) and minima in fall (0.6% body wt ingested/day). Assimilated energy exceeded metabolic energy losses every season except fall, when an energy deficit occurred (-0.019 cal/mg dry wt per day). The greatest excess of energy for growth and reproduction was available in summer (0.092 cal/mg dry wt per day). The negative fall energy balance probably reflects the effects of reproduction on the population. Adults of many large species die after reproduction, so that the fall energy deficit also reflects reduced feeding by moribund individuals.
Effect of spider predation on cryptozoan populations
Impact of spiders on the cryptozoan community is a function of (1) predation and ingestion rates and (2) biomass of spiders relative to biomass of the entire community. Annual estimates of prey kill, ingestion, and respiration are listed for the three spider size classes and for the total spider population in Table 17 . Seasonal values were summed to give estimates of predation, ingestion, and respiration for the entire year. Five major spider species (Lathys maculina, Phrurotimpus alarius, Drassyllus virginianus, Rachodrassus echinus, and Schizocosa crassipes) accounted for 49% of total prey kill, 51% of ingestion, and 52% of calories respired annually.
Size-class analysis revealed that medium-sized spiders exerted the greatest impact, accounting for 57% of total prey kill, 59% of ingestion, and 55% of respiration. Large spiders, because of their much lower population density and slightly lower metabolic rate, were the least important of the three groups, accounting for 17% of total prey kill, 14% of ingestion, and 13% of respiration. Small spiders were responsible for 26% of total predation, 27% of total food energy ingested, and 32% of total respiratory energy loss. The absence of large-sized spiders from summer biomass samples resulted in the calculated prey kill and metabolic energy expenditure of zero. Macfadyen (1963) , in an early synthesis of invertebrate energetic studies, compared cryptozoan metabolism of nine grassland and forest-soil habitats. Species were categorized as herbivores, large decomposers, small decomposers, and predators. Spiders were among the least important of the major predator groups in all habitats except one grassland community, where spiders were second in importance (in terms of metabolism) only to parasitic mites. The present study demonstrates spiders to be a dominant invertebrate predator group in mesic Liriodendron tulipifera forest-litter habitats typical of southeastern United States. Macfadyen For potential prey populations, daily predatory mortality due to all spiders equaled 0.63% of the mean annual standing crop of prey. This predation rate is equivalent to an annual consumption of 364.6 mg dry wt/m2 per year. Annual predatory mortality due to spiders thus equaled 2.3 times the mean annual standing crop of prey. The impact of predatory mortality by large spiders on the prey component of the cryptozoan community was less than that of smaller spider size classes. Annual predatory mortality from small spiders was equivalent to 58$4% of mean annual prey biomass (11% of total community), compared with 40% (and 7.3%), respectively, from large spiders. Mediumsized spiders were less numerous than small spiders, but the former (with greater mean biomass) exerted nearly twice the predatory impact of 131% of prey standing crop consumed per year (25.5% of total cryptozoan community). Spiders thus consumed annually 43.8% of the mean annual standing crop of total cryptozoans on the forest floor. Van Hook's (1971) estimate for spiders in grassland is 21 % of annual net prey production consumed annually (but over a considerably shorter period of ecosystem production, i.e., May through November only).
The period of heaviest spider predation occurred in the spring and summer (daily equivalent of 1.16% and 0.97% of mean annual prey biomass killed, respectively). Intensity of predation was lowest in the fall and winter (daily equivalent of 0.44% of mean annual prey biomass killed). During the spring, accumulation of new prey biomass balanced predatory mortality from spiders. Spiders killed < 0.5 the amount of prey tissue in summer than in spring (Table 17) , but net production of prey during summer did not keep pace with predatory mortality. Prey biomass declined about 50% from 156 mg/M2 in spring to 80 mg/M2 in summer. Although prey biomass declined but slightly in fall and winter (Table 17) Population efficiencies of spiders varied with season, with some efficiency ratios fluctuating quite independently. Intake efficiencies for the four seasons were: fall = 0.83, winter = 0.85, spring = 0.73, and summer = 0.83. Spiders were most efficient in ingesting food from their prey kill during times when the greatest tax of respiratory energy was levied on assimilated energy, i.e., during winter and summer (Table 16 ). Thus, spiders utilized food less efficiently when more energy was available for growth and more efficiently when energy for growth was at a premium.
Seasonal Respiration efficiencies for spiders were calculated to be: fall = 0.79, winter = 0.80, spring = 0.58, and summer = 0.96. These efficiencies were closely related to the ratios of respiration to assimilation, which were: fall = 0.81, winter = 0.81, spring = 0.63, and summer = 1.06. Thus, the greater portion of caloric intake of spiders is expended in respiration. Respiratory losses often become greater for higher trophic levels because of the progressive scarcity and greater mobility of food organisms. Predators therefore expend a relatively greater amount of energy searching for and pursuing food than do herbivorous or saprovorous species.
Ecological growth efficiency or the ability to convert ingested calories into biomass (net production) was: fall = 0.19, winter= 0.19, spring = 0.34, and summer = -0.05.
According to Kozlovsky (1968) , ecological growth efficiency in aquatic ecosystems declines above primary consumers, decreasing from -0.50 in herbivores to 0.35 in top carnivores.
Tissue-growth efficiency of spiders (which closely paralleled ecological growth efficiency and varied inversely with respiration in proportion to assim- to meet respiratory requirements). Spiders were most efficient in spring, a period of rapid growth and maturity for many species. Population efficiencies calculated for spiders in the present study agree well with the ratios determined by Kozlovsky (1968) and Van Hook (1971) for predator trophic levels (Table 18 ). This supports the concept of the food chain and the trophic level approach in predicting patterns and rates of energy transfer through natural ecosystems. These studies suggest that ecosystems may be governed by similar bioenergetic principles and lend encouragement towards the development of general ecological theory.
